Phase stability / Electron concentration / Hume-Rothery electron concentration rule Abstract. By using the FLAPW-Fourier method, we could determine the e/a value for Al--Cu--TM--Si (TM ¼ Fe and Ru) 1/1 À1/1 À1/1 approximants and several B2 compounds including CuZn, NiZn, NiAl, MnZn, and AlMg. The NiAl, NiZn and MnZn B2-compounds involving the transition metal element as a partner element are found to be no longer regarded as the 3/2 electron compounds. Moreover, we found that the e/a value is not uniquely assigned to a given transition metal element but depends on its surrounding environments. Hence, it is difficult to use it as a universal parameter in an alloy design.
Introduction
There exist two different definitions for the electron concentration, which plays a key role in the discussion of phase stability: one is the e/a, defined as an averaged valency of constituent elements in an alloy, and the other VEC or the number of valence electrons per atom filled into the valence band. Obviously, the e/a is the parameter appearing in the Hume-Rothery rule, whereas the VEC is essential in determining the Fermi level in the valence band. One must cautiously select either e/a or VEC as an electronic structure-controlling parameter, depending on the stability mechanism involved [1] [2] [3] .
The phrase of the Hume-Rothery stabilization mechanism has been referred to by many researchers, when the density of states (DOS) of a complex alloy phase is characterized by the pseudogap at the Fermi level. This is because many quasicrystals were discovered by using the Hume-Rothery e/a rule as a guide [4] . This has encouraged us to use e/a as a parameter in stabilizing a complex phase. However, this is quite misleading, since there are two different mechanisms for the formation of the pseudogap: one the Fermi surface-Brillouin zone (FsBz) interaction and the other orbital hybridization. Mizutani et al. [1] [2] [3] applied the FLAPW-Fourier method to a series of gamma-brasses to identify the origin of the pseudogap at the Fermi level and concluded that only those, in which the resonance of electrons at the Fermi level with a particular set of lattice planes yields the pseudogap, can be claimed to obey the Hume-Rothery stabilization mechanism and are entitled to use the e/a as a critical parameter. Instead, the VEC must be chosen as an appropriate parameter for alloys, in which the Hume-Rothery stabilization mechanism fails [2, 3] .
The empirical Hume-Rothery e/a rule is not limited to complex alloy phases but also has been applied to simple phases like fcc and bcc. However, one can hardly judge from the first-principles band calculations whether or not the Hume-Rothery stabilization mechanism works in these simple phases, since the FsBz interaction involved is too weak to produce a sizable pseudogap at the Fermi level. Another important issue remains concerning the e/a determination for the transition metal element involved. The e/a rule originally proposed by Hume-Rothery in 1926 pointed to the regularity that, in spite of little connection in composition, all three compounds Cu 5 Sn, Cu 3 Al and CuZn crystallize into a common structure of the bcc phase with the possession of e/a ¼ 3/2 [5] . Given that NiAl B2-compound had been regarded as a 3/2 electron compound with a zero valency for Ni, Hume-Rothery [6] addressed a naïve question as to if mono-valency should be assigned to Ni in NiZn, which also possesses the B2 structure.
We have developed the FLAPW-Fourier method to reliably determine the e/a value for the transition metal element in various gamma-brasses by extracting the electronic state with the largest Fourier component of the FLAPW wave function outside the muffin-tin sphere with subsequent construction of a single-branch energy dispersion relation for such mobile electrons [1, 2] . The e/a value can be decisively determined from the Fermi dia-# by Oldenbourg Wissenschaftsverlag, München * Correspondence author (e-mail: riken-mizutani@mosk.tytlabs.co.jp) meter thus deduced. In the present work, we applied this technique to Al--Cu--TM--Si (TM ¼ Fe and Ru) 1/1 À1/1 À1/1 approximants and several B2 compounds including CuZn, NiZn, NiAl, MnZn and AlMg. The data for AlV [1] and AgLi [2] B2-compounds were reported earlier. The physical meaning of the e/a value thus determined for V, Mn, Fe, Ni, Cu, Ag and Ru will be discussed.
FLAPW-Fourier method
Details about the FLAPW-Fourier method and the subsequent Hume-Rothery plot for the e/a determination are described elsewhere [1, 2] . Information about the crystal structure for the B2 compounds is available from the literature [7] . The atomic structure for the Al-Cu-TM-Si (TM ¼ Fe and Ru) 1/1 À1/1 À1/1 approximants was determined by refining the powder diffraction spectra by means of the Rietveld method [8] . The experimentally derived structure was found to involve chemical and geometrical disorder in different sites. To perform the FLAPW band calculations, we constructed the ordered model structure with the chemical formula Al 108 Cu 6 TM 24 Si 6 (TM ¼ Fe and Ru) containing 144 atoms in the unit cell with the space group Pm 3 3 with a minimum sacrifice of the experimentally derived structures.
Results and discussion
3.1 Al--Cu--TM--Si (TM ¼ Fe and Ru) approximants
As shown in Fig. 1 , a deep pseudogap is found across the Fermi level in the DOS for the Al--Cu--TM--Si (TM ¼ Fe and Ru) 1/1-approximants. It is apparently caused by the splitting into bonding and anti-bonding bands due to the Al-3p/TM-d orbital hybridization. The f2ðk þ GÞg 2 versus energy relation, which represents the dispersion relation for mobile electrons in the extended zone scheme and is called the Hume-Rothery plot, are shown in Fig. 2 along with its variance s 2 for these two compounds. A straight line is drawn so as to pass through the origin and the region where s 2 is small. The intercept at the Fermi level determines the square of the Fermi diameter ð2k F Þ 2 . The value turns out to be 50 for both alloys with TM ¼ Fe and Ru. The total number of electrons per atom ðe=aÞ is calculated by inserting the Fermi diameter k F thus obtained into the relation:
where N is the number of atoms per unit cell and k F is in the units of 2p/a with the lattice constant a. The values of (e/a) ACFS and (e/a) ACRS are immediately deduced to be 2.57. By assuming valencies of Cu, Al and Si to be one, three and four, respectively, we could determine the e/a values of both Fe and Ru to be equal to 0.68. The value for Fe is found to be almost the same as that of 0.7 deduced for the Fe 2 Zn 11 gamma-brass [1] .
The value of ð2k F Þ 2 ¼ 50 happens to coincide with the reciprocal lattice vectors corresponding to the set of {543}, {710} and {550} lattice planes. This does not necessarily mean that the pseudogap is produced by the FsBz interaction associated with only these zone planes, since the deviation from the straight line and variance in Fig. 2 are large over the range from À4 to þ3 eV across the Fermi level. This is obviously due to the presence of TM-d states in this energy range. We believe that not only {543}, {710} and {550} zone planes but also their neighboring zones participate in the formation of the pseudogap in these orbital-hybridization dominant systems [1, 3] . 
B2-compounds
The Hume-Rothery plot for the CuZn-B2 compound is shown in Fig. 3 in comparison with that for the Cu 5 Zn 8 gamma-brass. The deviation of the data points from the straight line and the variance at the Fermi level are still significant in the B2-phase, whereas it is negligibly small in the gamma-brass. This tendency is also observed in AgLi-B2 and Ag 5 Li 8 gamma-brass [2] . The higher the number of atoms in the unit cell, the more accurately the Fermi diameter can be determined. The e/a values for CuZn-B2 and Cu 5 Zn 8 are 1.48 AE 0.02 and 1.60 AE 0.02, respectively, which are consistent with the fact that Cu and Zn are mono-and di-valent. Figure 4 shows the Hume-Rothery plot for the NiAland NiZn-B2 compounds. The ðe=aÞ NiAl is higher than 3/2, while ðe=aÞ NiZn is lower than 3/2. Hence, they can no longer be regarded as the 3/2 compounds. The valencies of Ni in NiAl and NiZn are reduced to 0.52 and 0.54, respectively, and its average of 0.53 is definitely higher than that of 0.15 in the Ni 2 Zn 11 gamma-brass [1] . The present work definitely ruled out the suggestion by HumeRothery [6] . Moreover, it should be noted that the e/a value for the transition metal element is not necessarily uniquely assigned to a given element.
The Hume-Rothery plots for the MnZn and AgMg B2-compounds are shown in Fig. 5 . Obviously, the MnZn B2-compound should also be excluded from the 3/2 compound. The valency for the Mn atom is deduced to be 0.46. In contrast, the e/a value for the AgMg B2-compound is consistent with the possession of mono-and divalencies of Ag and Mg, respectively, and, hence, may well be regarded as the 3/2 compound. Hume-Rothery [8] accounted for the greater solubility of the AgMg B2-phase coupled with possession of the highest melting point in the Ag--Mg phase diagram in terms of a large difference in electrochemical factors between Ag and Mg. He even speculated a possible presence of MgAg molecules in the liquid phase. Judging from the present analysis, the e/a value deduced from the Hume-Rothery plot has little to do with a large difference in the electronegativities involved (c Ag ¼ 1.9, c Mg ¼ 1.2 in contrast to c Cu ¼ 1.9 and c Zn ¼ 1.6 on the Pauling scale).
The e/a values for elements in the periodic table so far evaluated from the Hume-Rothery plot [1] [2] [3] are summarized in Table 1 . As far as Li and noble metal elements are concerned, the e/a value is apparently independent of their environment and is consistent with their respective valencies. However, the value for the transition metal element is not uniquely determined but is dependent on the alloy sys- tem chosen. Hence, it is difficult to use it as a parameter in alloy design. Instead, the VEC should serve as a more important parameter in transition metal alloys, as has been demonstrated in the Slater-Pauling curve for magnetization in 3d-alloys and the Matthias rule for superconducting 4d-alloys and the Seebeck coefficient in Fe 2 VAl compounds doped with various elements [3] . 
